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We demonstrate heralded qubit amplification for Time-Bin and Fock-state qubits in an all-fibre,
telecom-wavelength, scheme that highlights the simplicity, the stability and potential for fully inte-
grated photonic solutions. Exploiting high-efficiency superconducting detectors, the gain, the fidelity
and the performance of the amplifier are studied as a function of loss. We also demonstrate the
first heralded Fock-state qubit amplifier without post-selection. This provides a significant advance
towards demonstrating Device-Independent Quantum Key Distribution as well as fundamental tests
of quantum mechanics over extended distances.
INTRODUCTION
Terrestrial quantum communication mainly relies on
the efficient transmission of photonic states through fibre
optic networks [1]. Photon loss represents one of the most
significant challenges for photonic quantum technologies
to overcome not only for applications in quantum com-
munication, but for metrology [2] and fundamental tests
of quantum physics [3]. Recently, a novel approach for
QKD has been proposed. It relies on a Bell test and
makes the security device independent (DI-QKD), i.e.
the measurement devices and the sources can be treated
as black boxes [4–6]. However, this requires the violation
of a Bell inequality free of the detection loophole[3, 7, 8].
Heralded Qubit Amplification (HQA) [6, 9–11] provides
a teleportation based solution to overcome transmission
loss, e. g. in the fiber optics used for telecommunication,
thus providing a route towards a loophole-free Bell test
over tens of kilometers and eventually DI-QKD.
Heralded amplification has previously been demon-
strated in proof-of-principle experiments in the visi-
ble [12] and telecom regimes [13, 14]. There has also
been interest in exploiting this for continuous variable
systems to reduce noise [15–17] and extend transmission
distances [18–20]. Fundamental tests of single photon
addition and subtraction have also been explored in the
same context [21, 22]. Here, we work in the telecom
regime and develop simple, all-fibre, linear optic circuits
for schemes adapted for quantum communication; ex-
ploiting Time-bin [23] and Fock-state [24] encodings. In
the case of the Fock-state scheme we demonstrate the
first HQA without post-selection.
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FIG. 1. Left: heralded single photon amplifier. Right: linear
circuit for the heralded polarisation-qubit amplifier.
PRINCIPLE
The principle for heralded qubit amplification follows
directly from a teleportation protocol.
Consider FIG. 1 , where an unknown input qubit state
is combined with one mode of an entangled state.
An initial qubit state |ψin〉 = α|φ〉 + β|φ⊥〉, is trans-
mitted, for example, through a fibre optic channel. It
will undergo loss, such that the resulting state is in a
statistical mixture of the initial state and vacuum:
ρin = (1− Pin)|0〉〈0|+ Pin|ψin〉〈ψin|, (1)
where Pin is the channel transmission. This will be the
input state for the HQA, which also requires mutually
orthogonal auxiliary states that span the relevant qubit
space, |ψ〉a ≡ |φ〉⊗|φ⊥〉. In the case of Fock-state qubits,
as shown in FIG. 1 (Left), the ancilla state is |1〉 ⊗ |0〉.
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2This is easily extended to polarisation qubits, or simi-
larly time-bin qubits, by coherently combining two single-
photon amplifiers - one for each mode, see FIG. 1 (Right).
A Bell state measurement (BSM) acting on the initial
qubit and an ancilla qubit teleports the input state into
the output one, which is the other mode of the entan-
gled state. The use of an unbalanced beam splitter (with
transmission t) allows for the teleportation to be biased
so as to reduce the vacuum contribution. The resulting
output state is still a mixture between the vacuum and
the initial qubit, up to a unitary transformation U that
depends on the result of the BSM. However, it now has
different relative weights:
ρout = (1−G(t)Pin)|0〉〈0|+G(t)PinU |ψin〉〈ψin|U−1. (2)
The gain G(t) is the ratio between the probability of hav-
ing a photon in the output given a succesful BSM, Pout,
and the probability of having a qubit at the input, Pin. In
the ideal case, it tends to t/(1−t) in the limit of high loss.
In practice, considering realistic experimental conditions,
it also depends on the coupling efficiency of the ancilla
Pa and the detection efficiency η. Moreover, having non
photon-number-resolving (PNR) detectors increases the
probability of heralding the vacuum, and therefore it re-
duces the gain with respect to the ideal case. If one takes
into account non PNR detectors with efficiency η on the
BSM and a probability Pa of having an ancilla (for sim-
plicity, we consider Pa to be the same for both auxiliary
photons), we can define the gain as:
G(t) =
Pout
Pin
=
Pat
Pa(1− t)(1− Pinη) + Pin . (3)
As we can see, a low ancilla input probability Pa and a
poor detection efficiency η reduce the gain. Notice that a
proposed modification of the original scheme allows one
to improve the gain by eliminating the case in which two
auxiliary photons are reflected [10]. However, this scheme
is more demanding from an experimental point of view
as it requires a phase-stabilised interferometer between
the unbalanced beam splitter and the BSM.
EXPERIMENTAL SETUP
Concept
In this work, we use time-bin qubits, e.g. |ψin〉 =
1√
2
(|sH〉+ ei∆φ|`V 〉). The polarisation is used to la-
bel and switch the short and long paths to improve ef-
ficiency [25, 26], requiring the ancilla state to be of the
form |ψ〉a = |sH〉 ⊗ |`V 〉.
FIG. 2 shows the experimental setup where four indis-
tinguishable photons are generated by Spontaneous Para-
metric Down Conversion (SPDC). Detector D1 heralds a
single photon that is sent into an interferometer to pre-
pare the time-bin qubit. The other source provides the
two ancillae photons, where one is delayed with respect to
the other by ∆2, corresponding to the path-length differ-
ence in the time-bin interferometer. The delay between
the short photon from each source is determined by ∆1.
It is critical that the arrival times of the two ancilla pho-
tons match the two qubit modes for the BSM to occur
with high fidelity. The phase of the initial qubit can be
varied and loss can be added before the HQA. The out-
put state is then sent back to the same interferometer to
verify the fidelity with respect to the initial state.
We then analyse the result based on the four-fold co-
incidences between the heralded single photon D1, a suc-
cessful BSM D2 and D3, and the output state D4 de-
tected by MoSi superconducting nanowire single photon
detectors (SNSPD) with an efficiency of 70 % [27]. By ex-
ploiting the fast recovery time (80 ns) of these detectors,
each one is used twice in each run of the experiment, i.e.
with two different and well distinguished arrival times
discriminated via the clock of the pump laser.
Heralded single photon source.
The heralded single photon source used in this work is
based on a SPDC process in a 3 cm bulk Periodically
Poled Potassium Titanyl Phospate (PP-KTP) crystal,
with type II phase matching conditions. With this mate-
rial, adjusting the poling period, the crystal length and
the pump pulse duration, it is possible to achieve quasi
phase matching conditions that allow the generation of
spectrally separable photon pairs [28–30]. Moreover, pu-
rity is optimised when the photons are selected in a single
spatial mode with a high heralding efficiency [31].
A 76 MHz picosecond pulsed laser at 772 nm pumps
the crystal in a double-pass configuration, generating
pairs of photons in each direction, for a total of four
photons, degenerate at 1544 nm. The setup is symmet-
rical: for each of the two passes of the pump through
the crystal, the two daughter photons are separated by a
polarisation beam splitter (PBS) and then coupled into
single mode fibres. The achieved heralding efficiency af-
ter coupling into single mode fibers (SMF) is measured
to be 0.86 ± 0.04 for the qubit (pair generated in the
first passage through the crystal), 0.80 ± 0.04 on aver-
age for the two ancillae (generated in the second pas-
sage through the crystal), not considering the detection
efficiency. A Hong-Ou-Mandel (HOM) interference ex-
periment between two photons produced in independent
sources gives a visibility of 0.92 ± 0.03, indicating high
spectral purity without any filtering [30]. To increase
the single mode character of the generated photons, two
100 GHz filters are placed before the heralding, BSM, de-
tectors, allowing one to herald the output state in a well
defined spectral mode.
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FIG. 2. Scheme of the time-bin qubit amplifier. A heralded single photon is prepared in a time-bin qubit and subsequently
sent through a lossy channel. The amplification is heralded by a 3-fold coincidence given by a click in the detector D1, which
heralds the input photon, followed by D2 and D3, heralding its teleportation. 4-fold coincidence with the output photon in
detector D4 are recorded. We use MoSi SNSPDs with 70% detection efficiency at 1550 nm, at a temperature T< 2.5 K [27]. Two
polarisation modes which accompany the two temporal modes, short and long, allow one to separate the ` and s components in
the analysis without further loss. A temporal delay introduced in one of the outputs of the BSM allows one to project the input
modes onto two Bell states (Ψ±) using two detectors instead of four. The analysis is performed in the same interferometer used
for the preparation, with the aid of a fibred circulator. In this way, active stabilisation of the phase is not needed. The relative
phase in the input qubit is controlled after the interferometer, taking again advantage of the two polarisation modes, using a
variable liquid crystal retarder.
The path of the qubit to the amplifier includes the
preparation interferometer, a circulator and a free space
path where a liquid crystal retarder is placed, allowing
one to vary the relative phase between the two compo-
nents of the qubit (s and `, which have orthogonal polar-
isations, see FIG.2). The transmission of these elements
is 0.55± 0.04. Two HOM interference measurements be-
tween the qubit in the input mode and each of the two
auxiliary photons in the modes short and long are per-
formed in order to adjust the arrival times onto the 50/50
beam splitter (BS) needed for the BSM. The total trans-
mission of this part of the setup is 0.37 ± 0.02. In this
experiment the excess loss of the ancillae strongly lim-
its the value of Pout. However, this is due to the need
of controlling and adjusting the temporal delays of the
interfering photons. In principle, this quantity can be
considerably improved when fixing all the parameters at
their optimal values.
After the 50/50 BS a system of four polarisation beam
splitters (PBS) and a fixed delay of 5ns on one of the
BS outputs allow one to project onto the two Bell states
Ψ±, using two detectors (D2 and D3 in FIG. 2) instead
of four as shown in the right of FIG. 1.
Detectors.
The MoSi detectors were fabricated to obtain maxi-
mum efficiency at a wavelength of 1550 nm and for op-
eration at 2.5 K in a two-stage closed-cycle cryocooler.
Their fabrication and characterization is detailed in [27].
A gold mirror was fabricated on top of Titanium on a 3
inch Silicon wafer using electron-beam evaporation, and
was photolithographically patterned using a lift-off pro-
cess. A SiO2 space layer between the mirror and the
MoSi was then deposited by plasma-enhanced chemical
vapour deposition (PECVD). A 6.6 nm-thick MoxSi1−x
layer (x ≈ 0.8) was sputtered at room temperature.
Electron-beam lithography and etching in an SF6 plasma
were used to define nanowire meanders. An antireflec-
tion coating was deposited on the top surface. A key-
hole shape was etched through the Si wafer around each
SNSPD, which could then be removed from the wafer
and self-aligned to a single mode optical fibre [32]. The
size of the SNSPD is 16× 16 µm2, larger than the 10 µm
mode field diameter of a standard single mode fibre, to
accommodate any minor misalignment. The optimal sys-
tem detection efficiency reaches 70% with a dark count
rate of the order of a few hundred counts per second.
Data acquisition and analysis.
Experimentally, the probability of having a qubit Pin
is measured by dividing the number of coincidences be-
tween detectors D1-D2 by the number of counts in de-
tector D1. The output probability Pout = G(t)Pin is
given by dividing the four-fold coincidence D1-D2-D3-
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FIG. 3. Top: Gain as a function of the input probability
Pin. The red and blue points correspond to unbalanced beam
solitters with transmission t = 0.7 and t = 0.9, respectively.
Black corresponds to t = 0.99. Solid lines take in account
the measured transmission loss for the ancillae, dashed lines
are calculated assuming the best case scenario in which the
probability of having an ancilla is Pa = 0.9. Bottom: Output
probability as a function of the input probability Pin. The
colored area indicates where the gain becomes higher than 1,
i. e. one actually has amplified the input state.
D4, by D1-D2-D3. This allows us to determine the gain
of the amplifier as a function of Pin. The coincidence rate
is around 10 counts/minute for each of the two curves,
t = 0.7 and t = 0.9, and it drops linearly with the in-
put probability Pin. For this reason, when measuring the
gain, we increase the time of measurement by a factor
1/Pin in order to have the same statistics for each run.
The measurement corresponding to the highest value of
Pin was taken by recording timestamps of the detections
for 900 s. Error bars are calculated assuming poissonian
statistics of photon counting.
RESULT
FIG. 3 shows that the experimental results are in good
agreement with the theoretical prediction. The measure-
ment is done for two different values of t : 0.7 and 0.9.
In the case of t = 0.9, the gain reaches the maximum
value of 9, fixed by t/(1− t). The dashed lines in FIG. 3
show the gain when the excess loss for the ancillae are
factored out – we keep experimentally feasible values for
Pa = 90 % [31]. To measure the Fidelity of the output
state, defined as F = 〈ψin|ρout|ψin〉, we project the out-
put state on the input. Varying the phase ∆φ of the
input qubit, we can observe oscillations in the four fold
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FIG. 4. Analysis of the output state as a function of ∆φ.
The visibilities are 0.98± 0.02 and 0.93± 0.02 for the red and
the blue curve, respectively, leading to fidelities of 0.99±0.01
and 0.97 ± 0.01 . For this measurement t = 0.7 and Pin =
0.47± 0.04.
coincidence rates, as shown in FIG. 4. The two curves
correspond to the two possible outputs of the BSM: at
∆φ = 0, the output obtained when projecting onto Ψ+
gives the maximum overlap, while the output related to
Ψ− is orthogonal to the qubit, since a phase shift of pi
(the unitary operation from equation 2) is needed to re-
cover the input state. By measuring the visibility of the
fringes observed as a function of the phase difference ∆φ,
we can estimate the Fidelity as F = (1+V )/2. . The vis-
ibilities for the two curves shown in FIG. 4 are 0.98±0.02
and 0.93 ± 0.02, leading to fidelities of 0.99 ± 0.01 and
0.97± 0.01. Each point is measured fixing the phase at a
maximum for one output of the BSM and minimum for
the other one. We use these two points to check that the
fidelity is constant for each value of gain.
The main figure of merit is, however, the output prob-
ability Pout, plotted in FIG. 3 as a function of Pin. To
be more specific, Pout is the probability of having a
qubit at the output once a successful BSM is announced.
From FIG. 3 one can see that the main limitation on the
performance of the amplifier is given by the coupling ef-
ficiency of the ancilla Pa, which, multiplied by t, gives
the upper bound on the output probability. Again, the
theory and experiment are in good agreement and when
the excess loss (ancillae preparation) is factored out we
are clearly in a regime of net gain. n.b. if a beam split-
ting ration of t = 0.99 is used, an output probability
Pout > 82.3 % is achievable, which would meet the re-
quirements for DIQKD even for distances up to 40 km.
Finally, using the same setup, we demonstrate heralded
(single) photon amplification (HPA) with no postselec-
tion, as proposed in the seminal work of [9]. Indeed,
this experiment requires two independent heralded sin-
gle photons, which can be realised with our four-photon
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FIG. 5. The gain with t = 0.9 and output probability,
of the single photon heralded qubit amplifier. Solid lines are
calculated taking in account the measured transmission losses,
dashed lines are calculated assuming Pa = 0.9.
source. In previous works [13, 14], some of the authors
have shown the heralded amplification of photons using
two photons coming from the same SPDC process as in-
put and ancilla. In the present work, referring to the
experimental scheme depicted in FIG. 2, the time-bin
qubit preparation (and analysis) stage can be removed
and only one (heralded) ancilla photon is sent to the am-
plifier. This enables us to perform non-postselected HPA,
i. e. the amplification is conditioned only upon the detec-
tion of the two heralding photons plus the BSM. FIG. 5
shows the gain and the output probability as a function
of the input probability measured in our setup. As before
the dashed lines indicate the performance without excess
loss.
CONCLUSION
We have demonstrated an all-fibre heralded qubit am-
plifier operating in the telecom regime for both time-bin
and Fock-state qubits, showing the first post-selection
free operation in the case of the latter. The implementa-
tion highlights the suitability for a fully integrated pho-
tonics solution, where the addition of photonic sources
and even detectors could further assist the efficiency of
these devices. While a gain of 9 is realised with the cur-
rent system, the key parameter is the efficiency of the
HQA, which is limited primarily by Pa.
Recently, a new scheme for characterizing entangle-
ment for Fock-state systems [33, 34] was demonstrated;
by extending this to systems with independent photon
sources, as required here, heralded qubit amplification
should provide an experimentally feasible path towards
loophole-free Bell tests and DIQKD over tens of kilome-
ters.
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